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THE PROBLEM OF REDUCING THE SPEED OF 
A JET TRANSPORT IN FLIGHT 
By Don D. Davis ^ Jr. 


SUMMARY 


The distance required to decelerate a high-speed jet transport from 
the normal operating speed to the design speed for maxi mum gust intensity 
(rough-air speed) has been calculated for the case of level flight with 
the engines idling. This distance was found to be much greater for a 
jet transport than for a typical piston-engine transport at the same 
altitude, and the distance was foxind to Increase with altitude up to the 
altitude for maximtun true airspeed. Because the increased distance for 
the jet transport was primarily a result of increased kinetic energy and, 
to a lesser extent, of lower dreig coefficients, these results are believed 
to be qualitatively correct for high-speed transports in general. The 
exact distance for any particular airplane will, however, depend on the 
values chosen for the normal operating speed and for the rough-air speed 
(because these speeds control the kinetic energy that must be dissipated 
during deceleration) and also will depend on the airplane and engine 
characteristics . 

■ The use of aerodynamic brakes, thrust reversal, or a climbing 
maneuver is shown to be effective in reducing the distance required to 
reach the rough-air speed, and therefore the use of such devices seems 
advisable. Even with the aid of such devices, however, the deceleration 
distance, at the altitude where it reaches a maximum, is likely to be 
considerably greater for jet transports than for present-day piston- 
engine transports. 


INTRODUCTION 


Whenever rough air is encountered in flight, the recommended practice 
is to reduce the speed of the airplane to the design speed for maximum 
gust Intensity (see the definition of Vp in ref. 1 for commercial air 
transports). This speed, termed the ”rough-alr speed", is defined as that 
speed at which flight at the maximum normal- force coefficient would result 
in the same load factor as an encounter with a gust of specified velocity 
(40 feet per second in present regulations, ref. l). The load factor 
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determined from this definition is used in the design of the airplane, 
with the in^jlicit assimiptlon that the airplane will he flown at the rou^- 
air speed whenever severe turbulence is encountered. In case 

the pilot has advance warning so that he can reduce the speed of the air- 
plane to before it enters the turbulent air, this assumption is 

fulfilled. There are cases, however, when rou^ air is encountered with- 
out warning. In these cases, the distance that is required to reduce 
speed may have an important bearing on the loads imposed on the airframe, 
because, while the airplane is slowing do-^m, the loads imposed by the rou^ 
air are hi^er than they would be if the airplane -vrere flying at the speed 
Vj^ou^* influence of these additional loads is contained in the 

operational load experience gained from previous and present-day piston- 
engine airplanes. Designing a new airplane in accordance with this expe- 
rience is satisfactory as long an the fli^t regime and the configuration 
are not radically different from those of previous airplanes. 

In the case of tinrhine-powered transports, the speed and altitude 
will be quite different from the range covered by present experience and. 

In addition, significant reductions in the airplane drag coefficient will 
be made. The question naturally arises as to whether these changes will 
result in an increase in the loads during airplane deceleration in rough 
air. One \ray to determine -idiether a significant increase in load is to 
be expected is to conpute the distance required to decelerate a hi^-speed 
Jet transport to the rou^-alr speed and then to conpare the result -id-th 
the distance required to decelerate a typical piston-engine transport. 

Such comparisons are made in the present paper and, in addition, the 
effects of aerodynamic brakes and rate of climb on the deceleration of a 
hypothetical Jet transport are considered. 

An additional problem that has not been resolved is how accurately 
the pilot can maintain the rough-air speed after reaching it. This problem 
is not considered in the present paper. Also not considered is the ques- 
tion of how often either thunderstorms or clear-air turbulence are encoun- 
tered without warning. 


SYMBOLS 


drag coefficient 




incrementaJ. drag coefficient due to aerodynamic brakes 


Cl 


lift coefficient 

acceleration due to gravity, ft/sec^ 


g 
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q. 

r/c 

Vc 

ynormal 

^rough 

w/s 


dynamic pressure, Ib/sq ft 
rate of climb, ft/min 
criiising airspeed 

normal operating airspeed 

design airspeed for maximum gust intensity (called Vg in 
ref. 1) 

vring loading, Ib/sq ft 


CALCULATIONS 


The true airspeed as a function of the altitude is shown in figure 1 
for a piston-engine transport and for a hypothetical jet transport. For 
both airplanes, the curves labeled correspond to constant indi- 

cated airspeed, 18O mph for the piston transport and 25O niph for the jet 
transport. The cinrve labeled Vj^^ormal piston transport corre- 

sponds to a constant indicated airspeed of 225 mph, vhich is the normal 
operating speed of a particular class of transports. In the case of the 
jet transport, the operating speed was estimated on the following basis. 
Because a high rate of climb is important to the economy of jet-transport 
operation, the design cruising speed Vg (see ref. l) was chosen to be 
the speed for best rate of climb at sea level, 380 n5>h. The indicated 
speed for best rate of climb will normally decrease with altitude and^ 
thus, the indicated speed in the climbing phase of the flJL^t would be 
expected to decrease with altitiide. On the other hand, a hi^-speed 
descent is economically desirablej thus, the descent is likely to be made 
at a constant indicated airspeed near the design cruising speed at sea 
level. As a resiilt, a certain amoxmt of fli^t at the speed Vq seems 
likely at all altitudes. The calcvilations for the jet transport are 
therefore based on this speed, and the resulting true-airspeed curve is 
shown as Vq in figure 1. The sudden change in the slope of this curve 
at an altitude of 30,000 feet is a result of the assumption that above 
this altitude the airplane will fly at a constant Mach number. Thus, the 
hipest true airspeed is reached at 30,000 feet, and it is at this alti- 
tude eilso that the difference between Vq and is greatest. 

The distance required to reduce the speed from to 

at an altitude of 13,000 feet has been computed for the piston-engine 
transport with an assumed wing loading of 57.5 Ib/sq. ft. Calculations 
were made for deceleration by reducing power to idling and also by com- 
bined power reduction and climb. Similar calculations were made to 
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determine the distance required to reduce the speed from Yq to 

at 15,000 feet, an trell as at the more critical altitude of 30,000 feet, 
for the jet transport with an assumed wing loading of 50 Ih/sq ft. This 
loading is assvmied to he representative of the descent wei^t of a jet 
transport. Calculations were also made for 30,000 feet with a wing loading 
of 75 Ih/sq ft, which is representative of the climb weight. For the jet 
transport at 50,000 feet at the descent -freight, additional calculations 
were made to determine the influence of aerodynamic brakes on the distance 
required to reduce the speed. 

The method followed in all the calculations was to divide the decel- 
eration into four intervals, during each of which the dynamic pressirre 
was reduced hy one-fourth of the difference between the dynamic pres- 
smre q at the Initial speed and that at the rough-air speed. For the 
average value of q for each Interval, the corresponding lift coefficient 
was computed, and the drag coefficient was read from the curves presented 
in figure 2. (The jet transport was assumed to he flying just below the 
Mach nxmiher for drag rise; therefore, the variation of with Cp is 

not a function of Mach number, within the range of these calculations . ) 

The drag was then computed, and from this drag the engine thrust for 
idling operation was subtracted in order to obtain the net airplane drag. 

For the jet engine, the Idling thrust is a function of both altitude 
and Mach number. For the conditions of this calculation, the range of 
variation for a typical engine was found to be from about 5 percent to 
29 percent of the available thnxst at the altitude considered. Becaiise 
of this id.de variation, an average thrust value was calculated for each 
interval of the speed-reducing maneuver. For the piston transport, it 
ira.s assumed that the initial condition represented fli^t at 60 percent 
power, and the engines were assumed to idle at 20 percent power. 

After the drag computation was made, the average rate of energy loss 
due to drag was detemnined for each Interval. To this value was added 
the rate of kinetic -energy loss due to climb or drag brakes, if any, in 
order to determine the total average rate of energy loss for the Interval. 
From this sum and the total kinetic energy to be lost during the Interval, 
the time required for the interval was computed, and, from the time and 
average speed, the distance covered was determined. The total distance 
was obtained by summing the distances for the four intervals. 

The climb calculations were made for a constant rate of climb through- 
out the maneuver; thus, the airplane was assimied to be in the climb at the 
initial velocity before the speed was reduced. Because the higher rates 
of climb considered ane greater than the maximum possible steady rate of 
climb for the airplane, a puU-tq) maneuver is required to reach the 
assumed rate of climb. This maneuver may Increase the distance reqtiired 
to reduce speed, and the increase will be a function of the severity of 
the pvill-\q). 
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The drag-brake calculations were made for a constant incremental 
dra^ coefficient ACp due to the brakes and for level flight of the air- 
plane. combining drag and climb (or descent) energies, any particular 
combination of brakes and climb (or descent) could be analyzed, but such 
combinations have not been Included in this analysis because the trends 
could be determined from the separate drag and climb calculations. 

In addition to the distance required to reduce the speed of the 
airplane, certain other quantities of interest were determined. For the 
climb case, the total altitude gained in the maneuver has been calculated. 
For the case of aerodynamic braking, the initial deceleration has been 
determined by dividing the total drag at the time the brakes are first 
extended by the airplane weight. The ratio of the initial brake drag 
to the thrust required for level fll^t has also been calculated in order 
to convey some idea of the magnitude of the drag load on the brakes. In 
addition, the steady-state rate of descent iri.th idling power at the rou^- 
air speed has been calculated as a function of the incremental drag coef- 
ficient due to aerodynamic braices. 


RESULTS AM) DISCUSSION 
Level-Flight Deceleration 


The resiilts given in figure 3 show that the disteince required to 
reanh the rough-air speed in level flight (zero rate of climb) with engines 
idling is 3*7 nilles for the piston-engine transport (w/s = 57*5 Ib/sq ft) 
and ll^■.5 miles for the jet transport (w/S = 50 Ib/sq ft) at an altitude 
of 13,000 feet. The problem of reducing the speed of a transport airplane 
obviously has changed considerably with the advent of the high-speed jet 
transport. This change is primarily a result of the increase in the 
kinetic energy that mixst be dissipated in order to reduce the speed, but 
the loT'/er drag of the jet airplane is also an important factor. For the 
jet transport, the kinetic energy increases with altitude and reaches 
a maximum at 30,000 feet, as is apparent from the true-alrspeed cmrves 
in figure 1. This increase in kinetic energy has a powerfiil effect on 
the distance required to decelerate to the rou^-alr speed in level 
flight. The distance increases from ih.^ miles at 13,000 feet to 36.2 miles 
at 30,000 feet (fig. 3)- For any specific airplane, the altitude at which 
the deceleration distance reaches a maximum -vrLll depend on the true- 
airspeed — altitude relationship chosen for the operation of that airp>lane. 
The altitimLe at which the gust loads eire most critical will depend on 
both this relationship and the variation of design gust velocity with 
altitude . 

From the preceding resvilts, the need is apparent for a method of 
decelerating the jet airplane that is much more effective than sing)ly 
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closing the throttle. Tvro possible methods are climbing and the use of 
drag brakes. 


Climbing Deceleration 

Figure 3 sho'^'TS the distance required to decelerate to the rou^-air 
speed as a function of the rate of climb for the piston-engine and Jet 
transports. These results show that if the airplane is climbing when 
roti^ air is encountered, the deceleration distance is significantly less 
than in the case of level fli^t. The wide difference between the two 
types of transports is apparent in the figure; also apparent is the impor- 
tant effect of altitude on the deceleration distance for the Jet transport. 
Because of this altitude effect, it will be important to include in flight 
tests of deceleration the altitude at which the maximum true airspeed is 
reached . 

The effect of an Increase in wei^t on the deceleration distance is 
shoim in figure 4 where -vring loadings of 75 50 Ib/sq ft are assumed 

to be representative of the climb and descent weights, respectively. In 
level flight, the distance regulred is increased by about 3 miles becaixse 
of the Increased wei^t of the airplane. 

The factors that control the deceleration in level fll^t are the 
wei^t of the airplane, the drag, and the thrust. In this particular 
case (fig. 4), these three fantors interacted in a manner such that the 
change in ireight had a relatively small effect on the distance required 
to reach the rou^-air speed. K the airplane were flying in a lower 
range of lift coefficient nvhere the drag becomes nearly Independent of 
the weight, as irould be the case for considerably lighter weight or lower 
altitude, then the deceleration distance would increase approximately in 
proportion -irith an increase in -vreight. With increasing rate of climb, 
the difference in i-rei^t has even less effect on the distance in the pre- 
sent example, because the part of the total rate of decrease of kinetic 
energy per pound of wei^t that is due to climbing becomes a larger 
factor in determining the deceleration. 

Figures 5 to 8 are plots of the true airspeed against distance trav- 
eled for various rates of climb for the piston-engine and Jet transports 
^•^ith engines idling. Figures 5 aiid 6 are for an altitude of 13,000 feet 
and figinres 7 8 sore for an altitTjde of 30,000 feet. By observing the 

reduction in true airspeed in a distance equal to the -vrldth of a thunder- 
storm or the length of a patch of clear-air turbulence, some idea can be 
foimed of the effectiveness of attenqpting to reduce the airplane speed 
as a means of reducing the gust loads. (Fig. 84 of ref. 2 shows that 
profiles of thunderstorms are about 4 to 9 miles wide and fig. 3 of 
ref. 3 shows that most nonthunderstorm turbulent areas are less than 
20 miles in length.) If a typical turbulence profile is assumed, the 
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information in figures 5 to 8 can also be used to calculate tbe loads 
imposed on the airplane for a particular deceleration technique. These 
loads can be compared -vd-th the- results of simi l ar calculations for fli^t 
through the same turbulence at the initial speed and at the rou^-air 
speed to obtain a quantitative estimate of the effect of the deceleration 
on the loads imposed on the airplane. 

Inasmuch as the deceleration distance has been found to decrease 
rapidly i-dLth increasing rate of climb, it is obvious that a descending 
airplane can be decelerated by closing the throttle, if it is not already 
closed, and executing a low-g pxiU-up to place the airplane in a power- 
off climb, if the resulting departure from the original flight plan is 
permissible. The distance required for such a maneuver would be of the 
same order as is shown in figures 3 and h for the same rate of climb, 
althou^ it would exceed this distance somewhat as a result of the time 
needed to maneuver to the desired rate of climb. For example, when the 
deceleration is initiated, if the airplane is descending at 3^000 feet 
per minute at Vq with engines idling and a rather gentle pull-up (l.2g) 
is excuted to bring the airplane to a rate of climb of il-,000 feet per 
minute, calculations show that the distance required to decelerate is 



per minute at the time the throttle is closed, a distance of 9 miles is 
required, !Hb.e time required for deceleration in lC)i miles is about 
76 seconds. 

Although climbing is effective in reducing the deceleration distance, 
there are some penalties that acconqjany this technique when it is used 
during the airplane descent. The altitude gained in the climb must be 
lost again, and the time required to do so delays the flight and results 
in slightly increased fuel consimiption. The altitude gained is plotted 
in figure 9 as a function of the distance required to reduce speed. The 
case of the piston-engine transport is Included for comparison purposes. 

The time that is required to lose this excess altitude depends on the rate 
of descent. The rate of descent at the rou^-air speed is considerably 
less than at the cruise speed; therefore, unless some type of drag device 
is lased to Increase the rate of descent after the climb, the Jet airplane 
v/Ul arrive over the destination at a high altitude; 

In order to obtain some idea of the drag requirements for steady 
descent at the rough-air speed, the rate of descent has been calculated 
for several values of the incremental drag coefficient due to the braJees, 
with engines idling. The results are plotted in figure 10, which shows 
the rate of descent as a function of ACp for the Jet transport at 

30,000 feet at the descent weight. For a rate of descent of 2,000 feet 
per minute, a value of of 0.0l4 is required; whereas, for a rate 

of descent of 4,000 feet per minute, a value of of 0.033 is required. 
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Brake Deceleration 

Inasmuch as the preceding discussion has shown brakes to he useful 
for the rou^-air descent, it is of interest to consider the effective- 
ness of brakes as a device for reducing the speed of the airplane. The 
effect of drag brakes on the distance required to decelerate the Jet 
transport from the Initial speed to the rough-air speed in level flight 
at 30,000 feet at the descent weight with engines idling is shown in 
figure 11. Ihis figure shows that brakes with a value of of the 

order of magnitude required for the rough-air steady descent (O.Ol to 
0.03) are very effective in slo^vlng down the airplane in level flight. 

The effectiveness of the brakes in reducing the aerodynamic loads can be 
estimated with the assistance of figure 12 in which the true airspeed is 
plotted as a function of the distance flown, for a level flight decel- 
eration at several values of dCp. 

In case of an Inadvertent encounter with rough air, breike extension 
must be started within a matter of seconds to be effective, because the 
airplane is traveling at nearly 10 miles per minute. Consequently, in 
such a case it will not be possible to give much adveince warning to the 
passengers. Thus if, in a certain altitude range, a high rate of decel- 
eration is required to reanh the roiigh-air speed in an acceptable dis- 
tance, it might be desirable to have the passengers seated with safety 
belts fastened -vdien flying in this altitiide range. 

The magnitude of the initial deceleration resulting from the use of 
brakes and reduction of power for speed reduction in level flight is shown 
as a function of the distance required in figure 13. When dCjj is eqxial 

to 0.0l4 (the value found to be sufficient for steady descent at 

2.000 feet per minute), the distance in level flight is 12.1 miles and 

the initial deceleration is about 0.15g. When is equal to 0.033 

(the value required for steady descent at 4,000 feet per minute at the 
rough-air speed), the required distance is only 6.4 miles but the initial 
deceleration is 0.27g. 

Another factor regarding the use of brakes that is important in the 
design of the airplane is the size and weight of the brake mechanism 
itself. In order to get some idea of the forces Involved, the ratio of 
the Initial brake drag to the thmst required for level flight at the 
speed Yq has been computed. This ratio is plotted in figure l4 as a 
function of the distance required for the deceleration in level flight 
at 30 , OCX) feet irtth e n g in es Idling at the descent wei^t. For the 
12.1-mile distance discussed in the previous paragraph, the drag is about 

1.1 times the engine thrust. For the 6.4^nile case, the drag is about 
2.5 times the engine thrizst. Obvioizsly, these are large forces and the 
structure that withstands them ^rlll be heavy. The weight penalty might 
be reduced if the brake were a dual-purpose device - that is, if the 
braking could be obtained by modifying some other device that is neces- 
sary to the airplane, such as wing lateral -control spoilers or flaps or 
the landing gear. 
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The resvilts shown in figures 11 to li)- have been for deceleration in 
level fli^t. If the airplane is descending when rough air is encountered 
and if the pilot desires to continue the descent while slowing down, the 
deceleration maneuver is more complicated. In practice, it would probably 
require an initial increment of brake extension, governed hy the allowable 
longitudinal deceleration, followed by a further Increment of brake exten- 
sion when the dynamic pressure had been sufficiently reduced as a result 
of the reduced speed. Finally, after reaching the rough-air speed, the 
brakes would be partially retracted to the position for the selected rate 
of descent. This, incidentally, is one of the striking differences 
betvreen flying the jet and the piston-engine transports. With the conven- 
tional transports, the pilot controls the rate of descent with the throt- 
tle, but with the jet transport, these calculations indicate that the 
rate of descent at the rough-air speed will be controlled with an aero- 
dynamic brake. 

Although the preceding discussion has been concerned with the use of 
brakes to obtain drag, drag can also be obtained by reversing the engine 
thrust. With a reverse thrust qf 50 percent of rated thrust, the decel- 
eration to the rough-air speed in level flight would take about 13 miles 
at 30,000 feet at the descent weight. 


CONCLUDING REMAEKS 


The distance required to decelerate a high-speed jet transport from 
the normal operating speed to the design speed for maximum gust intensity 
(rough-air speed) has been calculated for the case of level flight with 
the engines idling. This distance was found to be much greater for a jet 
transport than for a typical piston-engine transport at the same altitude, 
and the distance was foimd to increase with altitude up to the altitude 
for maximum true airspeed. Because the Increased distance for the jet 
transport was primarily a result of Increased kinetic energy and, to a 
lesser extent, of lower ^ag coefficients, these results are believed to 
be qualitatively correct for high-speed transports in general. The exact 
distance for any particular airplane will, however, depend on the values 
chosen for the normal operating speed and for the roiagh-air speed (becaxise 
these speeds control the kinetic energy that must be dissipated during 
deceleration) and also will depend on the airplane and engine 
characteristics . 

The use of aerodynamic brakes, thrxast reversal, or a climbing maneu- 
ver is shown to be effective in reducing the distance required to reach 
the roxigh-air speed, and therefore the use of such devices seems advis- 
able. Even with the aid of such devices, however, the deceleration 
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distance, at the altitude where it reaches a maximum, is likely to be 
considerably greater for jet transports than for present-day piston- 
engine transports. . 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., October 7> 1955- 
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Flgiare 1.- Variation of true airspeed with altitude for a piston-engine 
transport and for a liypothetical Jet transport. 
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Figure 2 .- Assximed drag characteristics of transport airplanes. 
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Figure 5-- Variation of true airspeed with distance for various rates of 
cl i mb. Piston-engine transport; altitude, 13,000 feet; engines idling. 



Figure 6.- Variation of true airspeed with distance for various rates of 
climb. Jet transport; descent weight; altitude, 13,000 feet; engines 
Idling. 
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Figure 7 .- VeLrlation of true airspeed with distance for various rates of 
climb. Jet transport; descent weight; altitude, 30,000 feet; engines 
idling. 
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Figure 8 .- Variation of true airspeed with distance for various rates of 
climb-. Jet transport; climb weight; altitude, 50^000 feet; engines 
idling. 
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Figure 10.- Brake drag requirements for steady descent at V^-ough' 
transport; altitude, 30^000 feet; descent weight; engines Idling. 
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Figure 12.- Variation of true airspeed with distance for various values 
of ACp. Jet treinsport; descent weight; altitude, 50,000 feet; engines 
idling; level flight. 
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